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ABSTRACT
BACKGROUND AND PURPOSE: Studies shows ictal behavior and symptoms are affected by patient sex in temporal lobe epilepsy. The
purpose of our study was to determine whether alterations in the WM as assessed by DTI display different patterns in male and female
patients with unilateral HS.
MATERIALS ANDMETHODS: Patients with unilateral HS were categorized as women with right HS (n12), men with right HS (n10),
women with left HS (n12), and men with left HS (n10). DTI of the brain along 64 noncollinear directions was obtained from 44
patients and 37 sex-matched control participants. We used TBSS to analyze whole-brain WM. Regions with significant changes of FA
and MD, and their mean FA, MD, total number of significant voxels, and asymmetry indices were determined for each group.
RESULTS: All groups showed bilateral and extensive reductions of FA and elevated MD in the WM, more prominent ipsilateral to the
affected hippocampus. The total number of voxels with decreased FA in patients compared with that of control participants was higher
in womenwith right HS (24,727 vs 5,459) and in menwith left HS (27,332 vs 14,013) than in their counterparts. Changes inMD associated with
right HS were more extensive in both men and women (right vs left HS, women: 16,926 vs 5,458; men: 5,389 vs 4,764) than in those with left
HS. In patients with right HS, the ipsilateral cingulum, uncinate fasciculus, internal and external capsules, and right acoustic radiation were
involved extensively in women.
CONCLUSIONS: Women and men showed different patterns in extent of WM alterations associated with HS.
ABBREVIATIONS: AI asymmetry index; EEG, electroencephalography; FA fractional anisotropy; HS hippocampal sclerosis; MDmean diffusivity; TBSS
tract-based spatial statistics; TLE temporal lobe epilepsy
TLE is the most frequent type of partial epilepsy, and unilateralHS is diagnosed reliably with MR imaging in a majority of
patients. The pathologic findings mainly consist of neuronal loss
and gliosis in the hippocampal formation, amygdala, parahip-
pocampus, and entorhinal cortex.1,2 Recent neuroimaging stud-
ies on unilateral TLE with and without HS have further demon-
strated extensive WM abnormalities with some variability.3,4
Although the cause and clinical implications are yet to be spec-
ified, it has been suggested that the WM changes may represent
a secondary effect of ongoing seizure caused by axonal trans-
mission5 and reflect abnormal networks associated with
epileptogenesis.6
Because diffusion perpendicular to the main fiber direction is
more hindered by axon membranes and myelin than diffusion
parallel to the main axis, and therefore anisotropic in the WM,
DTI provides unique information about microstructural tissue
properties such as axonal organization and myelin attenuation
that cannot be obtained from conventional T1- or T2-weighted
images. The most commonly used DTI indices are FA and MD,
reflecting the degree of WM integrity and the presence of cell
membranes or myelin sheaths (ie, diffusion barriers).7 Both me-
sial and neocortical unilateral TLE generally have shown wide-
spread temporal and extratemporal WM abnormalities on DTI
studies.5,8,9
Previous animal models and human imaging studies, includ-
ing voxel-based morphometry and DTI, have revealed inherent
morphologic and functional variations between men and women.
Some of these variations include thicker cortices in the right infe-
rior parietal and posterior temporal regions in women, which are
present from childhood and are maintained throughout life10;
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different intrahemispheric or interhemispheric cerebral meta-
bolic rates for glucose11; and differences in WM architecture as
inferred from diffusion properties of the brain tissue.12 The effect
of sexual dimorphism in TLE associated with HS has also been
stressed for variable seizure semiology in many studies. Ictal
fear,13 vocalization,14 vegetative signs,15 and sexual auras16 occur
more frequently in women than in men. Contrary to this wide
range of sex-dependent symptoms, to the best of our knowledge,
no study has investigated the influence of sexual dimorphism on
WM changes associated with HS in the brain. Given that intra-
hemispheric and interhemispheric anatomic and functional con-
nections may determine seizure spread and ictal behavior in male
and female patients, we hypothesized that alterations in the WM




We conducted this prospective study in a tertiary care center
with a dedicated epilepsy team including epileptologists, neu-
rosurgeons, neuroradiologists, and psychologists. The local in-
stitutional review board approved the study. All participants
gave written informed consent before inclusion into the study.
The patients were retrieved from a data base integrated with
Hospital and Radiology Information Systems. Inclusion criteria
of this study were clinically and/or electrophysiologically well-
defined stereotyped temporal-type seizures, the presence of uni-
lateral HS, and the absence of other abnormalities on structural
MR imaging. Exclusion criteria were the presence of bilateral HS
and the presence of any additional abnormality (dual pathologic
abnormality) on structural MR imaging, and associated neuro-
psychiatric or systemic illness.
A total of 44 right-handed patients with HS and 37 sex-
matched healthy control participants were categorized into 4
groups: women with right HS (n  12; mean age, 30.58  9.78
years) and control participants (n  10; mean age, 31.2  10.03
years), men with right HS (n  10; mean age, 30.9  8.72 years)
and control participants (n  9; mean age, 30.55  7.40 years),
women with left HS (n  12; mean age, 29.5  4.21 years) and
control participants (n  9; mean age, 29  5.4 years), and
men with left HS (n  10; mean age, 32.7  7.02 years) and
control participants (n  9; 31.44  6.18 years). Groups
matched for sex and lateralization of HS were similar in distri-
butions of age (all P  .69) and duration of epilepsy (all P 
.1). A total of 34 patients had 1 or more risk factors for HS: a
history of febrile seizure(s) (n  25), traumatic injury (n 
11), meningitis (n  1), perinatal insult (n  2), and a family
history of epilepsy (n  15).
Demographic and clinical features, lateralization of the af-
fected hippocampus found on MR imaging, electrophysiological
ictal abnormalities, and laterality of interictal EEG findings in the
patients are summarized in Table 1.
None of the patients had a seizure within the last 3 days at the
time of MR imaging.
Healthy control participants (n  37) were volunteers who
had no neuropsychiatric or systemic disease. These volunteers
were recruited via local announcements in the hospital and uni-
versity. All had normal findings on MR imaging.
All of the patients and control participants were right-handed,
as determined by their preference on handwriting.
Two neuroradiologists, one of whom has 15 years of experi-
ence in epilepsy imaging (K.K.O.), evaluated structural brain MR
imaging for the 2 major findings of HS (ie, decreased thickness
and increased T2 signal intensity of the hippocampus), recorded
lateralization of the HS, and reviewed images for dual pathologic
findings in consensus.
Outpatient routine and long-term video-EEG monitoring re-
cords of the patients were reviewed by 2 experienced epileptolo-
gists (I.T., S.S.) in consensus. Age; the presence of risk factors for























Women with right HS 12 19–47; 30.58 9.78;
aP .89; bP .94;
dP .73
1–38; 20.41 10.69;
bP .98; dP .47
FS: 9; FH: 4; trauma: 1;
meningitis: 1; none: 2
12 None
Men with right HS 10 17–42; 30.9 8.72;
aP .93; bP .94;
eP .55
6–41; 20.55 12.12;
bP .98; eP .30
FS: 5; FH: 3; trauma: 2;
none: 3
7 3
Women with left HS 12 23–37; 29.5 4.21;
aP .81; cP .20;
dP .73
16–28; 20.44 5.10;
cP .13; dP .47
FS: 7; FH: 4; trauma: 3;
none: 4
11 1
Men with left HS 10 22–42; 32.7 7.02;
aP .69; cP .20;
eP .55
10–36; 25.60 8.42;
cP .13; eP .30
FS: 4; FH: 4; trauma: 5;
perinatal insult: 2; none: 1
10 None
Note:—Lateralization of HS on MR imaging and electrophysiologic ictal findings, and unilateral or bilateral presence of interictal EEG abnormalities of the patients are
summarized.
FH indicates family history, FS, febrile seizure.
a P values for matched control participants.
b P values for women with right HS and men with right HS.
c P values for women with left HS and men with left HS.
d P values for women with right HS and women with left HS.
e P values for men with right HS and men with left HS.
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HS (ie, a history of febrile seizure, traumatic injury, or meningitis;
and a family history of epilepsy); duration of epilepsy; and abnor-
mal activities in the interictal and ictal EEG, when available, were
recorded for each patient.
Image Acquisition
We performed all imaging studies on a 1.5T MR scanner (Mag-
netom, Symphony TIM system; Siemens, Erlangen, Germany)
equipped with a 30-mT/m gradient system by using an 8-channel
phased array head coil. Conventional brain MR pulse sequences
were axial T1-weighted spin-echo (TR, 500 ms; TE, 20 ms), axial
fast fluid-attenuated inversion recovery (TR, 9000 ms; TE, 100
ms; TI, 2100 ms), and coronal T2-weighted fast spin-echo per-
pendicular to the hippocampi (TR, 4000 ms; TE, 100 ms; section
thickness, 3 mm).
DTI applied a single-shot echo-planar imaging sequence and
was performed in the axial plane, parallel to the anteroposterior
commissures. The following parameters were used: TR, 5814 ms;
TE, 98 ms; maximum b factor, 1000s/mm2; 64 independent direc-
tions; field of view, 23 cm; matrix, 128  128; and number of
sections, 50, with 3-mm thickness without an intersection gap
covering the entire brain.
Data Processing and Analyses
Using TBSS as a part of the FMRIB Software Library 4.0 package
(Oxford Centre for Functional MRI of the Brain, Oxford Univer-
sity, Oxford, United Kingdom; http://www.fmrib.ox.ac.uk/fsl),
we performed voxelwise statistical analysis of FA and MD maps
separately for each category of HS and its matched control group.
Additional TBSS analysis was also carried out to document WM
diffusion abnormalities in female vs male control participants.
Preprocessing of the diffusion-weighted data included head mo-
tion and eddy current correction, diffusion tensor fitting (FSL
DTIFit), and calculation of the FA and MD maps. The FA and MD
maps were registered and aligned to the average space as input for
TBSS, and the thinned mean FA skeleton was computed. Then, we
performed voxelwise statistics on FA and MD by using the per-
mutation-based inference with 500 permutations. Resulting
threshold-free cluster enhancement output was corrected for
multiple comparisons, and family-wise error– corrected maps
were obtained with P values  .05. We then used standard cluster-
based thresholding corrected for multiple comparisons. After we
calculated the total number of voxels with significantly low
FA and high MD, we used Freeview (http://surfer.nmr.mgh.
harvard.edu/fswiki/FreeviewGuide) to separate these clusters and
number of significant voxels into each hemisphere. AI was also
calculated for each patient group by use of the formula (LR/
LR)  100, where L and R designate the number of signifi-
cant voxels in the left and right hemispheres, respectively.
Therefore, positive and negative results pointed out domi-
nancy of significant voxels in the left and right hemispheric
WM in the same order.
WM clusters with significant FA and MD change on the cor-
rected threshold cluster extend voxel maps were extracted as
ROIs and were registered to and overlaid onto an anatomic Mon-
treal Neurological Institute template. We then labeled these ROIs
by using the Johns Hopkins University WM tractography atlas
and the International Consortium for Brain Mapping DTI-81
WM atlas. The mean FA and MD of the ROIs were calculated for
each participant; mean values and x-, y-, and z-coordinates ac-
cording to the Montreal Neurological Institute atlas were also
recorded.
We performed statistical analyses using SPSS for Windows,
version 17.0 (SPSS, Chicago, Illinois). The Kruskal-Wallis test,
the Bonferroni-adjusted Mann-Whitney U test, and the 2 test
were used to test group differences in age and duration of epilepsy.
P values  .05 were considered significant.
RESULTS
Within the control group, the difference between men and
women was subtle. There were few voxels with less FA and higher
MD in men compared with women.
When compared with the control participants, numerous
WM structures showed reduced FA and elevated MD in patients
with HS. Overall, the greatest extent of change was observed in
men with left HS followed by women with right HS for FA, and in
women with right HS for MD. Right HS in women and left HS in
men were associated with more extensive FA reductions than
their counterparts. The extent of elevated MD values was 3-fold
greater in women with right HS than in women with left HS and
was slightly greater in men with right HS than in men with left HS.
The total numbers of voxels with significantly lower FA and
higher MD compared with those of the control participants and
AI for each group are summarized in Table 2.
With lateralization of HS, women showed a greater extent of
FA and MD changes within the right HS groups. In the patients
with left HS, reduction in FA was more extensive in men, with a
slightly greater extent of MD increase in women.
All 4 groups showed regions with decreased FA and increased
MD in temporal and extratemporal WM. This effect was more
prominent in the hemisphere ipsilateral to the HS. However, pre-
dominant FA reduction of WM ipsilateral to the seizure focus was
more pronounced in women regardless of lateralization of HS.
Within all groups, AI was greatest in the patients with right HS: in
women for FA changes (41.4) and in men for MD changes
(62.2).
The x-, y-, and z-coordinates according to the Montreal Neu-
rological Institute atlas, the corresponding WM structures ac-
cording to the Johns Hopkins University WM tractography Inter-
national Consortium for Brain Mapping DTI-81 WM atlases, and
the mean FA and MD values of significant clusters are given in
Table 3. The cingulum, anterior temporal lobe WM, fornix, genu
and body of the corpus callosum, the internal and external
capsules, inferior longitudinal and inferior fronto-occipital fas-
ciculus, thalamus, and uncinate fasciculus were shared affected
Table 2: Number and AI of voxels with statistically significant
decreased FA and MD
Group






Women with right HS 24,727/16,926 41.4/29.2
Men with right HS 14,013/5389 19.7/62.2
Women with left HS 5459/5458 32.9/41.6
Men with left HS 27,332/4764 10.9/22.04
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structures. The cingulum ipsilateral to HS showed diffusion abnor-
malities in all groups, and the contralateral cingulum was also
affected in all groups except in men with right HS. Involvement
of the bilateral anterior temporal lobe WM, uncinate fasciculi,
and internal and external capsules was marked in women with
right HS, whereas low FA values in these same structures were
also observed to a much lesser extent in other groups. No WM
structure was observed to have increased FA or decreased MD.
WM structures with reduced FA and elevated MD, and extent of
WM alteration were displayed as TBSS maps in the Figure.
DISCUSSION
TBSS that allow whole-brain voxelwise analysis of multisubject data
are particularly useful to identify the location of diffusivity abnormal-
ities in groups of patients with particular diseases.17 FA, a noninva-
sive marker of WM integrity, can decrease because of axonal degen-
eration, reduced packing attenuation, coherence, or demyelination.
Increased diffusivity can result from increased extracellular space
from reduced cellular attenuation, increased membrane permeabil-
ity, or loss of myelin sheaths.7 Changes in diffusion measures were
commonly observed in the cingulum, fornix, superior longitu-
dinal and inferior longitudinal fasciculi, corpus callosum, un-
cinate fasciculus, and the external and internal capsules in pa-
tients with TLE with HS.9,18,19 These changes may represent an
underlying predisposing abnormality in production of TLE,
abnormal networks in seizure propagation, reorganization of
WM networks or solely damage caused by the seizures them-
selves, and use of antiepileptic drugs.
Similar to previous studies,3,5,9,18 our analyses revealed FA reduc-
tion and MD elevation in the temporal and extratemporal WM,
more prominent ipsilateral to the HS regardless of patient sex and
lateralization of the HS. However, these studies compared DTI
changes in patients with TLE with or without HS,3 searched for a
correlation between DTI findings and surgical outcome,9 and con-
sidered the effect of the age of seizure onset and the duration of epi-
lepsy but did not consider the sex of the patients.4,20 In our study, we
took the lateralization of HS into account in addition to patient sex
because of the potential effect of lateralization on WM changes.4,19
With similar demographics, clinical features, and radiologic laterality
of HS in the patient groups, we believe that our study design mini-
mizes intersubject variations and reflects the effect of sexual dimor-
phism on this particular type of focal epilepsy.
Men with left HS, followed by women with right HS, showed
the most extensive decreases in FA across the groups. When FA
and MD were regarded overall, women with right HS showed the
most widespread temporal and extratemporal WM diffusion
abnormalities. In right HS, although the ipsilateral cingulum,
uncinate fasciculus, internal and external capsules, and right
acoustic radiation were involved extensively in women, these
structures showed only a few separate clusters of voxels with low
FA, if present, in men. In our study, the severity or extent of
diffusion changes could not be solely attributed to the lateraliza-
tion of HS, as more prominent WM diffusion changes were asso-
ciated with different-sided HS between men and women. The
previous finding18 of limited WM involvement in right HS com-
pared with left HS might have partly resulted from the outweigh-
ing proportion of men in the patient group. On the contrary, in
left HS, men showed more extensive alterations of anisotropy
compared with women. By the same data, right HS in women and
left HS in men showed more extensive FA decline in the WM of the
brain. The same trend was also observed for MD in women. There-
Table 3: Summary of TBSS analysis
Brain Region
FR-HS MR-HS FL-HS ML-HS
FAp/FAc MDp/MDc FAp/FAc MDp/MDc FAp/FAc MDp/MDc FAp/FAc MDp/MDc
R cingulum 0.23/0.28 0.85/0.82 0.21/0.29  0.31/0.35   1.00/0.89
L cingulum  0.84/0.73   0.24/0.34  0.30/0.35 1.00/0. 73
R ATWM;ILF 0.23/0.40 0.88/0.79 0.25/0.34 0.87/0.79 0.32/0.37 0.83/0.72 0.19/0.24 
L ATWM;ILF 0.34/0.40 0.86/0.78   0.31/0.36 0.88/0.74 0.22/0.28 0.91/0.82
R fornix 0.29/0.33 1.45/1.33  1.69/1.48 0.34/0.39 1.70/1.32 0.28/0.44 1.87/1.57
L fornix   0.31/0.38  0.32/0.41 1.84/1.39 0.34/0.44 1.90/1.79
R uncinate fasciculus 0.30/0.43 0.84/0.79 0.36/0.45 0.84/0.77    
L uncinate fasciculus     0.47/0.51 0.80/0.75 0.32/0.39 0.87/0.79
CC genu 0.36/0.59 0.76/0.68 0.64/0.78 0.88/0.70 0.38/0.49 0.78/0.74 0.40/0.56 1.07/0.77
CC body 0.44/0.52 1.12/0.92 0.38/0.51 1.69/1.29   0.46/0.68 1.09/0. 81
R ALIC 0.49/0.55 0.79/0.71 0.26/0.29 0.74/0.68 0.65/0.76 0.72/0.66 0.54/0.65 0.71/0.67
R PLIC 0.68/0.72 0.71/0.62 0.66/0.72  0.59/0.66 0.73/0.68  
L ALIC     0.57/0.66 0.75/0.65 0.51/0.59 1.00/0.68
L PLIC   0.65/0.69  0.60/0.69 0.73/0.66  
R external capsule 0.34/0.43 0.74/0.63 0.39/0.46    0.30/0.38 
L external capsule 0.41/0.46 0.78/0.74 0.43/0.47  0.39/0.45 0.79/0.71 0.34/0.42 0.73/0.66
R thalamus 0.32/0.36 0.86/0.75 0.36/0.40 0.81/0.66 0.36/0.43 0.70/0.64 0.44/0.51 0.79/0.75
L thalamus 0.31/0.35 0.75/0.70 0.29/0.34 0.71/0.69 0.31/0.37 0.88/0.71 0.30/0.36 1.00/0.73
R IFOF 0.41/0.50  0.29/0.37 0.79/0.72   0.30/0.46 
L IFOF   0.30/0.35  0.38/0.43 0.83/0.75 0.46/0.56 0.80/0.75
R acoustic radiation 0.45/0.49 0.79/0.69      
Note:—The mean FA and MD (x103 mm2/s) values of significant clusters in patients along with those of control participants and corresponding WM regions are derived
according to the Johns Hopkins University WM tractography atlas and the International Consortium for Brain Mapping DTI-81 WM atlas.
ATWM indicates anterior temporal lobe white matter; ALIC, anterior limb of the internal capsule; PLIC, posterior limb of the internal capsule; CC, corpus callosum; FAp/FAc,
fractional anisotropy of the patients/fractional anisotropy of the controls; FL-HS, female patients with left HS; FR-HS, female patients with right HS; IFOF, inferior fronto-
occipital fasciculus; ILF, inferior longitudinal fasciculus; L, left; MDp/MDc, mean diffusivity of the patients/mean diffusivity of the controls; ML-HS, male patients with left HS;
MR-HS, male patients with right HS; R, right; TBSS, tract-based spatial statistics.
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fore, as hypothesized, the sex of the patient exerts an effect on the
pattern of WM pathologic abnormalities, apart from the side of HS.
Existing studies13,14 state that temporal lobe ictal behavior and affec-
tive symptoms are affected by patient sex rather than by dominant
hemisphere and lateralization of the epileptic focus, and underlying
different patterns of network abnormalities may be responsible for
the variability in ictal symptoms.
Consistent with several studies21-23 on temporal lobe epilepsy
with and without HS, the uncinate fasciculus connecting the fron-
tal and temporal lobes showed the most extensive anisotropy and
MD changes in women with right HS, along with changes in the
anterior temporal lobe WM, internal and external capsules, and
acoustic radiation. Tezer et al14 showed significantly increased
ictal vocalization and speech in women with right HS. This find-
ing may be explained by selective preferential disintegration of the
uncinate fasciculus in a similar group of patients in our study. The
uncinate fasciculus may consist of a pathway for propagation of
synchronized neuronal firing from the mesial temporal lobe to
the frontal and insulo-perisylvian areas. These areas frequently
demonstrate hypometabolism on positron-emission tomography
studies. Because of limited availability
and high cost, positron-emission tomog-
raphy scans were only performed in a few
of our patients; therefore, these scans
could not lead us to conclusions about
seizure spread. We preferred to use con-
tinuous video-EEG records and interictal
EEG records. In all patients with ipsilat-
eral ictal abnormality on EEG, interictal
EEG abnormality was observed bilaterally
with predominance in the hemisphere ip-
silateral to HS in 4 patients. However,
routine EEGs and long-term EEG moni-
toring can be discordant, and in some pa-
tients, interictal epileptiform discharges
can be seen only during long-term EEG
monitoring.24
Among the 4 groups, men with left HS
had the least amount of AI for both FA
and MD. The presence of the most exten-
sive FA, but not MD, alteration of WM in
men with left HS fails to explain a proba-
ble relationship between AI and extension
of pathologic abnormalities. Our samples
of patients did not allow us to speculate
about a relationship between AI and
spread of epileptiform activity on EEGs
either, because there were patients with
contralateral EEG abnormalities in the
groups of the patients with greater AI, but
not in men with left HS with the least AI.
A limitation of our study was that
many of these patients had 1 or more risk
factors for HS including a history of fe-
brile convulsions, meningitis, perinatal
insult, and traumatic injury. Although
MR imaging did not show a dual patho-
logic pattern in any of the patients, we cannot totally eliminate
potential disrupting effects of these insults. With a limited num-
ber of patients, we were not able to separate FA effects of each risk
factor. However, analyzing such effects of individual risk factors
for HS could be a focus of future studies with more participants.
We did not measure T2 relaxation times of the hippocampi in
the patients and control participants in this study. Rather, we
rigorously included patients with an established diagnosis of uni-
lateral HS on the basis of visual evaluation of epilepsy-dedicated
MR imaging, electrophysiologic studies, and semiology.
DTI may improve our understanding of seizure propagation
and relevant ictal behavior, electrophysiologic findings, and out-
comes between male and female patients with HS. This develop-
ment, in turn, may have a substantial effect in predicting surgical
outcome and choosing appropriate treatment protocols in the
future for such patients.
CONCLUSIONS
Our study demonstrated different patterns of HS-associated WM
structural changes in men and women that may reflect previously
FIGURE. The TBSS (family-wise error–corrected threshold-cluster extend voxel Pmaps) reveal
regions of significantly reduced FA (red) and increasedMD (blue) in female patients with right HS
(A), male patients with right HS (B), female patients with left HS (C), and male patients with left
HS (D) compared with sex-matched and age-matched control groups at P .05. E, The TBSS of
women vs men within the whole control group show that men have few voxels with lower FA
(red) and higherMD (blue) than women. FA skeleton that represents the center of themainWM
tracts is shown in green on mean FA map.
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reported sex differences in ictal behavior of the patients with HS.
Patient sex should definitely be taken into account when the re-
sults of imaging studies on TLE with HS are being interpreted.
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